Although it has been speculated that proteasome dysfunction may contribute to the pathogenesis of Huntington's disease (HD), a devastating neurodegenerative disorder, how proteasome activity is regulated in HD affected stem cells and somatic cells remains largely unclear. To better understand the pathogenesis of HD, we analyzed proteasome activity and the expression of FOXO transcription factors in three wild-type (WT) and three HD induced-pluripotent stem cell (iPSC) lines. HD iPSCs exhibited elevated proteasome activity and higher levels of FOXO1 and FOXO4 proteins. Knockdown of FOXO4 but not FOXO1 expression decreased proteasome activity. Following neural differentiation, the HD-iPSC-derived neural progenitor cells (NPCs) demonstrated lower levels of proteasome activity and FOXO expressions than their WT counterparts. More importantly, overexpression of FOXO4 but not FOXO1 in HD NPCs dramatically enhanced proteasome activity. When HD NPCs were further differentiated into DARPP32-positive neurons, these HD neurons were more susceptible to death than WT neurons and formed Htt aggregates under the condition of oxidative stress. Similar to HD NPCs, HD-iPSC-derived neurons showed reduced proteasome activity and diminished FOXO4 expression compared to WT-iPSC-derived neurons. Furthermore, HD iPSCs had lower AKT activities than WT iPSCs, whereas the neurons derived from HD iPSC had higher AKT activities than their WT counterparts. Inhibiting AKT activity increased both FOXO4 level and proteasome activity, indicating a potential role of AKT in regulating FOXO levels. These data suggest that FOXOs modulate proteasome activity, and thus represents a potentially valuable therapeutic target for HD.
Introduction
Huntington's disease (HD) is an incurable inherited neurodegenerative disorder resulting from an abnormal expansion of CAG trinucleotide repeats in exon 1 of the huntingtin (Htt) gene (1) . Typically, normal people have 35 or fewer CAG repeats in exon 1 of the Htt gene, while patients with HD have 36-120 or more CAG repeats in the gene (2) . The severity and age at onset of the disorder are correlated with CAG repeat length: longer CAG repeat size is associated with earlier onset of age and more severe symptoms (3) . Neuropathologically, HD is characterized by progressive neurodegeneration primarily in the striatum and to less degree, in the cortex, and by formation of Htt protein aggregates (inclusions) that contain misfolded Htt and Htt interacting molecules in neurons (4) . In HD affected striatum, the caminobutyric acid (GABA)ergic medium-sized spiny neurons (MSNs) positive in DARPP32 staining are the most vulnerable neuronal subtype population to mutant Htt (5) . It is uncertain why mutant Htt cannot be efficiently degraded and why it is toxic to neurons, especially MSNs in the striatum.
The ubiquitin-proteasome system (UPS) plays a vital role in cell survival and death, cell proliferation, and signal transduction, while the UPS itself is highly regulated by numerous factors (6) (7) (8) . Importantly, many previous studies investigating whether UPS function is impaired in HD have not offered a conclusive answer. On one hand, several studies reported that UPS dysfunction occurs in many brain regions and in skin fibroblasts derived from patients with HD (9) , in the isolated synaptosomes in the R6/2 HD mice (10) , and in the cell models of HD (11) . In contrast, other investigations have found no inhibition of 20 S proteasome activity in the Tet/HD94 inducible mouse model (12) and in R6/2 mice (13) . Intriguingly, studies from the fulllength Htt YAC72 HD mouse model showed impairedproteasome activity during the post-symptomatic stage, similar to the results obtained from the brains of patients with HD (14) . Over the last decade, human HD induced pluripotent stem cells (iPSCs) have been become increasingly favored models for understanding the pathogenesis of the disease. However, proteasome functionality in the HD iPSCs and their derived neural cells has not been investigated.
FOXO proteins are a subgroup of the Forkhead transcription factors characterized by a conserved DNA-binding domain known as the 'Forkhead box', or FOX (15) . Mammalian cells including human cells encode four FOXO proteins, FOXO1, FOXO3a, FOXO4 and FOXO6. These transcription factors act downstream of insulin signaling and play important roles in longevity, metabolism, cellular proliferation and stress tolerance (16) . Increasing data also suggest that FOXOs modulate UPS by altering the expression of some tissue specific ubiquitin E3 ligases (15) or proteasome subunit expression (17) . Despite these studies, the role of FOXOs in the condition of HD and in HD iPSCs remains less explored. Here, we generated several human HD iPSC lines and examined the role of FOXOs in regulating proteasome activity in the HD iPSCs and their derived neural cells.
Results
The HD iPSCs showed higher levels of proteasome activity than the wild-type (WT) iPSCs Using previously described methods that employed episomal vector-mediated iPSC reprogramming (18) (19) (20) , we generated several iPS cell lines from human fibroblasts, which included three WT cell lines (referred to as 16Q, 18Q, and 19Q) and four HD iPS cell lines (referred to as 46Q, 69Q, 70Q, and 99Q) ( Table 1) . After being manually picked and expanded on Matrigel in a stem cell growth medium, these iPSCs showed typical human embryonic stem cell morphologies, including being tightly packed and having smooth distinct edges (Fig. 1A, left) . After staining for a stem cell-specific marker, alkaline phosphatase, the iPSCs showed alkaline phosphatase-positive staining (Fig. 1A, right) . In addition, following immunocytochemical staining of the iPSCs with stem cell-specific antibodies, the cells were also positive for other markers of pluripotency (Fig. 1B) . G-banding chromosomal analysis confirmed that these cells had normal karyotypes (Fig. 1C) . After injection into immunocompromised mice, the iPSCs formed teratomas containing cells and tissues of all three germ layers (Fig. 1D) , suggesting that these iPSCs had pluripotent capability. PCR analysis of the iPSCs passaged over 20 times showed no evident transgene expression (data not shown), indicating that the cell lines had lost the episomal vectors.
Appropriate proteasome activity plays an important role in maintaining pluripotency of stem cells (17) . To better understand the role of the proteasome in reprogramming HD somatic cells into iPSCs, we measured the three types of peptidase activities of the proteasome, namely chymotrypsin-like, caspaselike, and trypsin-like proteolytic activities, in the three WT (16Q, 18Q, and 19Q) and three HD fibroblasts (46Q, 70Q and 99Q) that were used for reprogramming. Compared to the three types of WT fibroblasts, all of the three types of peptidase activity of the proteasome were reduced in the three types of HD fibroblasts (Fig. 1E) . By contrast, following reprogramming the three HD iPS cell lines showed increased proteolytic activities compared to the WT cell lines (Fig. 1F) . Interestingly, the total ubiquitinated (Ub) protein levels in the HD iPSCs did not significantly differ from those of the three WT iPSC lines ( Fig. 1G and H) . Increased proteasome activity in HD iPSCs was further supported by increased-turnover of the SOX2 protein, a previously verified proteasome substrate (21) , in HD iPSCs compared to that in control iPSCs ( Fig. 1I and J) . Thus, HD iPSCs show higher levels of proteasome activity than WT iPSCs.
FOXO4 is required for elevated proteasome activity in HD iPSCs
Since previous data have shown that FOXO transcription factors may regulate proteasome activity in stem cells (17) , we therefore analyzed FOXO protein expression levels in both HD and WT iPSCs. As shown in Figure 2A and B, FOXO1 and FOXO4 protein levels in the three HD iPSC line were significantly higher than those in the three WT iPSC lines. In contrast, FOXO3a and FOXO6 expressions in HD iPSCs did not significantly differ from those in WT iPSCs ( Fig. 2A and B) . To further examine whether both FOXO1 and FOXO4 were required for enhanced proteasome activity, we performed lentiviral small hairpin RNA (shRNA)-mediated FOXO knockdown experiments in HD iPSCs. Following knockdown of FOXO1 expression, we did not observe reduced proteasome activity in the cells (data not shown). However, knockdown of FOXO4 ( Fig. 2C and D) remarkably reduced all of the three types of proteasome activities (Fig. 2E) . Therefore, although elevated proteasome activity in HD iPSCs is associated with increased expression levels of both FOXO1 and FOXO4, only FOXO4 is required for elevated proteasome activity.
HD iPSCs-derived neural progenitor cells (NPCs) show reduced proteasome activity and decreased FOXO1 and FOXO4 expressions compared to WT NPCs
We next differentiated the three lines of HD iPSCs and the three lines of WT iPSCs into NPCs. Both HD and WT NPCs were highly proliferative and expressed neural progenitor markers, including Doublecortin (DCX), Nestin and SOX2 (Fig. 3A) . Expression of mutant Htt did not affect neural induction, as both HD and WT iPSCs showed similar expression of the neural progenitor markers (data not shown). Following neural induction, however, HD NPCs displayed lower proteasome activity than WT NPCs (Fig. 3B) . The reduced proteasome activity in the HD NPCs was also associated with the increase of Ub proteins ( Fig. 3C and D) , and with the reduced turnover of the proteasome substrate, SOX2 ( Fig. 3E and F) . Intriguingly, in contrast to HD iPSCs, in which both FOXO1 and FOXO4 expressions were upregulated ( Fig. 2A and B) , HD NPCs showed reduced FOXO1 and FOXO4 levels compared to WT NPCs ( Fig. 3G and H) . Thus, after iPSCs are differentiated into NPCs, HD NPCs show reduced proteasome activity and decreased FOXO1 and FOXO4 expressions compared with their WT counterparts.
Overexpression of exogenous FOXO4 but not FOXO1 increases proteasome activity in HD NPCs
As reduced proteasome activity in HD NPCs is associated with decreased FOXO4 expression, we next examined whether overexpression of the transcription factor would enhance proteasome activity in HD neural cells. We therefore transfected HD NPCs with a FOXO4 expression plasmid (Fig. 4A ). Transient overexpression of FOXO4 led to increased proteasome activity in the HD NPCs (Fig. 4B) , which was confirmed by the enhanced (H) Quantitative analysis of (G). All numerical data are shown as mean 6 SD; n ¼ 3-6. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. HD iPSC-derived neurons show reduced proteasome activity and decreased FOXO4 expression compared to WT iPSCs-derived neurons
We then further differentiated the NPCs into neurons and stained the cells with various neuronal markers. After 60 days of neuronal differentiation, we were able to differentiate the NPCs into neurons positive in expressions of Tuj1, GABA and DARP32, a specific marker for MSNs (22) (Fig. 5A ). Although HD neurons showed decreased viability without any treatment, exposure of the neurons to an oxidative stress inducer, menadione (MD) (23), dramatically enhanced cell death (data not shown). In normal culture condition, no evident Htt aggregate was observed under a fluorescence microscope (data not shown). Following MD-induced oxidative stress, some neurons positive for MAP2 staining exhibited small but evident aggregates (Fig. 5B ), which were confirmed by the filter trap assay (Fig. 5C ). Thus, HD iPSC-derived neurons replicate, especially under oxidative stress, the two major neuropathological features, neuronal death and formation of Htt aggregates. We next examined whether HD iPSC-derived neurons was associated with altered proteasome activity observed in other HD models. To do so, we compared the three types of proteasome activity in two lines of HD iPSC-derived neurons (46Q and 99Q) with two lines of WT iPSC-derived neurons (16Q and 18Q). Our results showed that proteasome activities in the HD iPSCderived neurons were dramatically lower than those in WT iPSC-derived neurons (Fig. 5D ). The reduced proteasome activities in HD neurons were also reflected by increased accumulation of Ub proteins ( Fig. 5E and F), and by delayed degradation of a proteasome substrate, SOX2, in the cells ( Fig. 5G and H). To determine whether reduced proteasome activity was associated with altered FOXO1 and FOXO4 expressions, we examined the two protein levels in both HD and WT iPSC-derived neurons. Similar to HD NPCs, HD neurons expressed a relatively lower level of FOXO4 than the WT neurons, while FOXO1 protein level in the HD neurons did not significantly differ from that in WT neurons ( Fig. 5I and J) . Thus, HD iPSC-derived neurons show reduced proteasome activity and a decreased FOXO4 protein level compared to WT iPSC-derived neurons.
AKT regulates FOXO4 in HD cells
As activation of the serine/threonine kinase, AKT, promotes degradation of FOXOs (24), we asked whether AKT signaling might be altered in HD iPSCs and their derived neurons. We therefore examined the levels of the total AKT and activated AKT (phosphylated at Thr-308) in the three HD iPS cell lines by immunoblotting (Fig. 6A) . Levels of total AKT did not change significantly in HD iPSCs compared with WT controls (Fig. 6A  and B) . On the contrast, protein levels of phosphorylated AKT (p-AKT) were dramatically reduced in HD iPSCs ( Fig. 6A and B) . Interestingly, levels of both total AKT and activated AKT did not change in HD NPCs compared with WT NPCs (data not shown). Although levels of total AKT did not change in the HD iPSCderived neurons compared with those in WT neurons ( Fig. 6C  and D) , p-AKT levels were significantly increased in the HD iPSC-derived neurons (Fig. 6D) .
To further determine whether AKT is causative in regulating FOXO4, we treated HD neurons with a selective AKT inhibitor, MK-2206 (25) , and then examined FOXO4 protein level. As shown in Figure 6E and F, inhibition of AKT by MK-2206 significantly increased FOXO4 protein level in the treated HD neurons. Moreover, this was associated with elevated proteasome activities following MK-2206 treatment (Fig. 6G) . Since AKT signaling negatively regulates FOXO4, these results indicate that reduced AKT activation is likely responsible for increased FOXO4 protein levels in HD iPSCs, while elevated AKT activation is attributed to decreased FOXO4 protein level in HD neurons.
Discussion
The role of UPS in the pathogenesis of HD remains contentious. Here we demonstrate that the HD iPSCs and their derived neural cells exhibit differential proteasome activities compared to their WT counterparts. Before neural differentiation, HD iPSCs exhibited elevated proteasome activity, and increased expressions of FOXO1 and FOXO4 compared to the WT iPSCs. Knockdown of shown as mean 6 SD; n ¼ 3-6. *P < 0.05, **P < 0.01, ***P < 0.001. FOXO4 but not FOXO1 decreased proteasome activity in HD iPSCs. Following neural differentiation, the HD iPSC-derived NPCs and neurons exhibited lower levels of proteasome activity and FOXO4 expression than their WT counterparts. More importantly, overexpression of FOXO4 in HD NPCs dramatically enhanced proteasome activity and promoted HD NPC survival. We also determined a negative association relationship between AKT activation and FOXO4 levels in both HD iPSCs and their derived neurons. Thus, FOXO4, plays an important role in regulating proteasome activity in HD iPSCs and their derived neural cells.
As the UPS plays a crucial role in regulation of cell proliferation and differentiation (17, 26) , elevated proteasome activity in HD iPSCs is likely required for dealing with mutant Htt and for maintaining self-renewal and pluripotency of the cells. Expression of mutant Htt has been shown to alter (H) Quantitative analysis of (G). All numerical data are shown as mean 6 S.D; n ¼ 3-6. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mitochondrial structures and functions, leading to impaired energy metabolism and increased production of reactive oxygen species (27) . It is conceivable that HD iPSCs contain higher levels of misfolded proteins and thus produce more free radicals than the WT iPSCs. Thus, the HD iPSCs should produce more Ub proteins. In fact, the Ub protein level in HD iPSCs did not differ from that in the WT iPSCs, which might be attributed to the increased proteasome activity in the HD iPSCs. This was further supported by enhanced degradation of a proteasome substrate, SOX2, in HD iPSCs. These results may explain, at least partially, why HD stem cells do not show mutant Htt aggregates and toxicity (28) . On the other hand, high proteasome activity found in HD iPSCs may reflect an increased demand for maintaining the gene regulation network to control self-renewal and pluripotency of HD iPSCs, including removal of tissue-specific transcription factors and RNA polymerase II to prevent binding to their target genes and to repress cell differentiation (29) .
FOXO transcription factors have been implicated in numerous neurodegenerative disorders, but their exact roles in these diseases remain obscure (30) . Our data strongly support a critical role of FOXO4 in modulating proteasome activity observed in HD iPSCs and their derived neural cells. Among the four FOXO members, only FOXO4 protein level is closely associated with proteasome activity alteration. Although both FOXO1 and FOXO4 protein levels showed an increase in HD iPSCs, our knockdown experiments excluded the possibility that FOXO1 contributed to increased proteasome activity. Moreover, overexpression of FOXO4 but not FOXO1 dramatically enhanced proteasome activity and cell survival in neural cells. Previous studies have indicated that PSMD11, a 19 S non-ATPase proteasome subunit, functions as a molecular clamp holding the 20 S proteasome core and the 19 S regulatory particle together (31) . In embryonic stem cells, PSMD11 appears to play an important role in upregulating proteasome activity (17) . It is possible that increased FOXO4 mediates elevated proteasome activity likely through enhancing 26 S/30 S proteasome assembly via PSMD11 in the HD iPSCs. Indeed, our data support this possibility (unpublished data). However, it remains largely unknown what other genes are regulated by FOXO4, leading to altered UPS functionality. Our results also indicate that the HD iPSCs generated here are a valuable tool for studying HD. Despite several previous reports of HD iPSCs, mutant Htt aggregates in their derived neurons have not been reported. Following neuronal differentiation, the neurons derived from HD iPSCs exhibited reduced viability following oxidative challenge (unpublished observation), indicating the effect of mutant Htt neurotoxicity (32) (33) (34) . This result is in agreement with previous observations showing that HD iPSC-derived neurons are more vulnerable to cellular stressors and to the withdrawal of brain derived neurotrophic factor than are normal control cells (35, 36) . Similar to these previous reports, we did not see microscope-detectable mutant Htt aggregates in HD iPSC-derived neurons in the normal culture condition without any oxidative stress treatment. Intriguingly, in presence of an oxidative stress inducer, we observed small but evident protein aggregates in the juvenile HD iPSC-derived neurons. The filter trap assay supports the hypothesis that dose-dependent oxidative stress facilitates formation of mutant Htt aggregates.
The serine/threonine kinase, AKT, has been shown to be a major regulator of FOXOs (37) . In addition to mediating phosphorylation, AKT activation also promotes degradation of FOXO proteins (24) . However, previous studies on AKT activity in HD were inconclusive. In a knock-in mouse model, increased levels of activated AKT were detected in the striatum and cultured HD striatal cells compared with their wild type counterparts, while no changes in phosphorylated FOXO1 levels were detected (38) . Another study has shown that both the activated and total AKT levels were reduced in a rat HD model and in post-mortem brain extracts from patients with HD (39) . Additionally, unchanged AKT activation has been reported in HD cells (40) , but increased FOXO3a levels were detected in HD cells (41) . Here our results have shown that activated AKT levels were reduced in HD iPSCs, whereas they were increased in HD neurons. It is likely that the reduced AKT activation level is attributed to increased FOXO4 level in HD iPSCs, which in turn upregulates proteasome activity in HD iPSCs (Fig.  7A) . In contrast, the elevated AKT activation found in HD iPSCderived neurons may be responsible for the downregulation of FOXO4 protein level, leading to reduction of proteasome activity (Fig. 7B) . Importantly, inhibition of AKT by MK-2206 increased both FOXO4 level and proteasome activity, which strongly support the role of AKT in regulating FOXO4 protein level. Although FOXO4 level was reduced in HD NPCs, AKT activation level did not change in the cells, suggesting that decreased FOXO4 in HD NPCs is independent of AKT signaling pathway.
In summary, we have generated several HD iPSC lines and identified FOXO4 as a modulator of proteasome activity in HD iPSCs and their derived neural cells. Our data also indicate that FOXO4-mediated proteasome activity alterations are likely to be modulated by AKT signaling pathway in HD iPSCs and their derived neurons (Fig. 7A and B) . These results not only shed novel light on the role of the proteasome in reprogramming HD somatic cells into iPSCs but also enhance our understanding of HD pathogenesis.
Materials and Methods

Generation of non-integrating iPSCs with control and HD patient fibroblasts
The human fibroblast cells used for reprogramming were obtained from the Coriell Institute for Medical Research (Camden, NJ, USA). Reprogramming of the two control cell lines (16Q and18Q) were conducted using nucleofection (VPD-1001 with program U-20, Amaxa, Walkersville, MD, USA) of the three plasmids, pEP4EO2SEN2K, pEP4EO2SET2K, and pCEP4-LM2L (gifts from Dr. James Thomas, Addgene #20925, #20926, #20927, respectively), into the fibroblast cells with the methods as previously reported (18, 19) . For generation of another line of control iPSC and several HD iPS cell lines (46Q, 69Q, 70Q, and 99Q), human fibroblast cells were electroporated with the plasmids pCXLE-hOCT3/4-shp53-F, pCXLE-hSK, and pCXLE-hUL (gifts from Dr. Shinya Yamanaka, Addgene #27077, #27078, #27080, respectively) using the Neon Transfection System (Life Technologies, Carlsbad, CA, USA), as previously described (20) . Three days after the transfection, the culture medium was changed to TeSR-E7 (STEMCELL Technologies, Vancouver, BC, Canada). The medium was changed daily for up to 30 days before colonies were picked and propagated. The newly derived iPSC colonies were maintained on Matrigel (Corning, Corning, NY, USA) in mTeSR1 (STEMCELL Technologies, Vancouver, Canada) medium at 37 C, 5% CO 2 and were split every 5-7 days.
Karyotype analysis iPSCs were treated with colcemid (0.1 mg/ml, Life Technologies) for 2 h before the cells were collected using trypsin detachment.
After incubation of the cells with 0.075 M KCl for 20 min, the cells were fixed in 3: 1 methanol: glacial acetic acid, as previously described (42 
PCR analysis of episomal vectors
We followed the previously described methods to isolate genomic DNA and perform PCR analysis of the episomal vector genes (19) . The fibroblasts transfected with the combined vectors but only cultured for 2 days were used as a positive control.
Teratoma formation assay
To examine the in vivo differentiation potential of iPSCs, teratomas formation assay was employed. Teratomas are benign tumors characterized by their rapid cell proliferation in vivo and by their chaotic mixture of tissues including semi-semblances of organs, teeth, hair, muscle, cartilage, and even bone. Briefly, the iPSCs were grown on Matrigel in mTeSR1 medium and were collected in 1: 1 of Matrigel (Corning): DMEM/F12 (Life Technologies). The iPSCs were then injected into the testis capsule of 6-week-old immunocompromised SCID-beige mice (Harlan, Indianapolis, IN, USA) using the previously described methods (43) . After 10 to 12 weeks of injection, teratomas were collected and fixed in 10% formalin (Fisher, Pittsburgh, PA, USA). Samples were embedded in paraffin and processed with hematoxylin and eosin staining. Images were taken with an Amscope microscope equipped with the ToupView software (Irvine, California, USA).
Determination of CAG repeat numbers in fibroblasts and iPSCs
Genomic DNAs were extracted from human fibroblasts or iPSCs using a genomic DNA purification kit (Genelink, Hawthorne, NY, USA) according to the manufacturer's instructions. The genomic DNAs were then submitted to the Emory Genetics Laboratory (Decatur, Georgia, USA) to determine CAG repeat lengths.
Neural induction and neuronal differentiation
For neuronal induction, iPSCs were first differentiated into neural progenitor cells (NPCs) using an embryoid body-based protocol. Briefly, iPSCs were detached using Accutase at 37 C and plated into the AggreWell TM 800 (STEMCELL Technologies) in
AggreWell medium (STEMCELL Technologies) to form embryoid bodies. After 5 days, embryoid bodies were re-plated and cultured in a neural induction medium. NPCs were then obtained following rosette selection using STEMdiff TM neural rosette selection medium (STEMCELL Technologies) and cultured in neural induction medium supplemented with purmorphamine (StemGent) and B27 (Invitrogen).
To differentiate NPCs into neurons, we used a previously described method (44) . Briefly, the NPCs were cultured in a neuronal differentiation medium composed of neural basal medium (Life Technologies) supplemented with non-essential amino acids (Life Technologies), N2 supplemental medium (Life Technologies), 1 mM Cyclic adenosine monophosphate (cAMP, Santa Cruz Biotechnology), 10 ng/ml BDNF (Peprotech, Rocky Hill, NJ, USA), 10 ng/ml GDNF (Peprotech), and 10 ng/ml IGF1 (Peprotech). The neuronal differentiation media were changed every 3-4 days. The cells were differentiated for at least 60 days before being used for experiments. For drug treatment, cells were incubated with different concentrations of a free radical inducer, menadione (Sigma, St Louis, MO, USA) (23) for 6 h and then collected either for immunostaining or for the filter trap assay.
Lentiviral FOXO-siRNA preparation and knockdown experiments
We followed the previously described method to package and produce lentiviral particles (45) . Briefly, 293 T cells were plated in 10 cm dishes and cultured in DMEM supplement with 10% FBS at 37 C in 5% CO 2. The next day, when cells reached 70%
confluence, cells were transfected with 3 mg pCMV-VSV-G, 7.5 mg pCMV-dR8.2-dvpr, and 8 mg four-mixed plenti-FOXO1 or -FOXO4-siRNA plasmids (2 mg for each plenti-siRNA plasmid) by using Lipofectamine 2000 transfection reagent (Invitrogen).
The medium was replaced with fresh complete medium 24 h after the transfection. The medium containing FOXO1-and FOXO4 siRNAs pseudolentiviruses were collected 48 and 72 h following the transfection and then ultracentrifuged in a SW27 rotor (Beckman Coulter) at 23, 000 Â g for 5 h. Lentiviral pellets were resuspended with 100-200 ml DMEM. The lentiviruses were then aliquoted and stored at À70 C. To infect iPSCs with lentiviral FOXO1 or FOXO4 siRNAs, 99Q HD iPSCs were incubated with the viral particles for 72 h in presence of 8 mg/ml polybrene before the cells were collected for Western blot analysis of FOXO1 or FOXO4 protein expressions and proteasome activity.
Cell transfection
NPCs were cultured in 12-well plates in the NPC Complete Medium (STEMCELL Technologies). The cells were transfected with Flag-tagged FOXO1 or FOXO4 using Lipofectamine 3000 transfection kit (Invitrogen) by following the manufacturer's instruction. After 48 h following the transfection, the FOXO1 and FOXO4 transfected cells were collected for western blot analysis, proteasome activity assay, and cell viability assay.
ATP assay
ATP assay was performed to evaluate cell viability using an ATP Bioluminescence assay kit CLS II (Sigma) according to the manufacturer provided protocol.
Proteasome activity assay
Cells were lysed in proteasome activity assay buffer (50 mM Tris-HCl, pH 7.5, 250 mM sucrose, 5 mM MgCl 2 , 0.5 mM EDTA, 2 mM ATP and 1 mM dithiothreitol) by passing them ten times through a 27-gauge needle attached to a 1 ml syringe. The BCA protein assay kit (Fisher Scientific, Hampton, NH) was used to determine the protein concentration. Approximately, 20 mg of total proteins from cell lysates was used for detection. The fluorogenic substrate Suc-Leu-Leu-Val-Tyr-AMC (40 mM) was used to measure the chymotrypsin-like activity of the proteasome. ZLeu-Leu-Glu-AMC (40 mM) was used to measure the caspase-like activity of proteasome and the Boc-Leu-Arg-Arg-AMC (40 mM) was used to measure the trypsin-like activity of proteasome. Fluorescence intensity was measured at 380 nm excitation and 460 nm emission by using a plate reader (PerkinElmer, Waltham, MA, USA).
Immunocytochemical staining and fluorescence microscopy
Immunocytochemistry was performed according to previously described methods (46) . The following primary antibodies and dilutions were used: anti-Nanog 1: 100 (PeproTech) 
Western blotting
We employed previously described methods to prepare cell lysates and perform the sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) to separate proteins (48, 49) . After proteins were transferred onto a nitrocellulose or polyvinylidene difluoride (PVDF) membrane, they were immunoprobed either with an anti-ubiquitin antibody (1: 1000, Cell Signaling), anti-FOXO1 antibody (1: 1000, Cell Signaling), antiFOXO3a antibody (1: 1000, Cell Signaling), anti-FOXO4 antibody (1: 1000, Cell Signaling), anti-FOXO6 antibody (1: 1000, OriGene), anti-hSOX2 (1: 1000, R&D Systems), anti-p-AKT (1: 1000, Cell Signaling), anti-AKT (1: 1000, Cell Signaling), anti-GAPDH (1: 1000, Cell Signaling), or with an anti-actin antibody (1: 500, Santa Cruz Biotechnology) at 4 C overnight. After washing for three times with the Tris-buffered saline containing 0.1% Tween-20, the anti-rabbit, anti-mouse, or anti-goat IRDye 800CW or IRDye 680RD secondary antibodies (LI-COR, Lincoln, NE, USA) was utilized. The bands on membranes were imaged by using image studio software (LI-COR). Protein band intensities were quantified using the UN-SCAN-IT gel software (Silk Scientific, Orem, UT, USA).
Cycloheximide (CHX) chase assay
WT and HD iPSCs, NPCs and neuronal cells were cultured in 12-well plates. The cells were treated with 50 (in iPSCs), 100 (in neurons), or 200 lg/ml CHX (in NPCs), and total protein lysates were collected at different time points and subjected to immunoblotting for SOX2 protein (1: 1, 000, R&D Systems) and actin (1: 500, Santa Cruz Biotechnology).
Filter trap assay of protein aggregates
Filter trap assay of protein aggregates was based on a previously described method (47) . Briefly, neurons were collected in a cell lysis buffer (10 mM Tris pH 8.0, 150 mM NaCl, and 2% SDS). Then 200 ml samples were boiled for 3 min and loaded onto a cellulose acetate membrane that was placed on the Dot-Blot apparatus (Bio-Rad) connected with a vacuum pump. After filtration of the lysates, the membrane was washed twice before being probed using the EM48 antibody by Western blot.
MK-2206 treatment
HD neurons were treated with 5 mM MK-2206 (Selleck Chemicals, TX, USA) for 15 h before cell lysates were collected for western blot analysis or proteasome activity assay.
Statistical analysis
Statistical analysis was conducted using the PRISM 7.0 (GraphPad Software, La Jolla, CA, USA). Student's t-test (twotailed) was used for comparison between two groups. For those data comprised of more than two groups, data were analyzed with the one-factor analysis of variance (ANOVA) followed by a Tukey post hoc test or two-way ANOVA using the statistical analysis software PRISM 7.0. Data were presented as means 6 standard deviation and p < 0.05 was considered to be statistically significant.
